Abstract 23
Forests in Southeast Asia are important sources of timber and other forest products, of 24 local energy for cooking and heading, and potentially as sources of bioenergy. Many of 25 these forests have experienced deforestation and forest degradation over the last few 26 decades. The potential flow of woody biomass for bioenergy from forests is uncertain and 27 needs to be assessed before policy intervention can be successfully implemented in the 28 context of international negotiations on climate change. Using current data, we developed a 29 forest land use model and projected changes in area of natural forests and forest plantations 30 from 1990 to 2020. We also developed biomass change and harvest models to estimate 31 woody biomass availability in the forests under the current management regime. Due to 32 deforestation and logging (including illegal logging), projected annual woody biomass 33 production in natural forests declined from 815.9 million tons (16. reduce carbon emissions by up to 80% [1] . In addition to increasing energy efficiency and 57 increased reliance on renewable energy sources such as wind and solar power, reducing 58 emissions from deforestation and forest degradation (REDD) is likely to be a important 59 mitigation option in the post-Kyoto agreements, because deforestation and forest 60 degradation are responsible for the release of about 1.5 to 2.2 Gt C yr -1 [2, 3] or about up to 61 25% of annual global emissions. 62
63
In addition to increasing carbon emissions, deforestation and forest degradation reduce 64 availability of woody biomass, on which approximately 2.5-2.7 billion people [4, 5] 65 depend for daily cooking fuel. Given the widespread dependency on wood for energy and 66 the importance of forests to mitigate climate change, there is a strong need to assess the 67 future availability while developing a path toward the sustainable use and management of 68
forests. Canadell and Raupach [6] proposed four strategies for managing forests for climate 69 unspecified forests, protected forest, conservation forest, and forest for social services. The 114 first three categories are grouped as production forest (PdF), where commercial logging 115 and land development can take place, while the latter three categories are grouped as 116 protected forest (PrF), where traditional firewood collection and small-scale logging for 117 housing by local forest communities can take place. There are two types of forest 118 plantations (FP) in the tropics, namely fast growing species plantation (FPf), which 119 account for 47% of the total plantations and slow growing species plantation (FPs), which 120 account for the rest [17] . For our study the proportion of fast and slow growing plantation 121 remains unchanged during the modeling period between 1990 and 2020. 122 Table 1  123 
Land use models 124
Over the last 15 years, although area of natural forests in Southeast Asia continued to 125 decrease, area of forest plantations slowly increased as shown in Table 1 . It could be 126 argued that part of the deforested lands was replaced by forest plantations. Therefore, for 127 our study, it is assumed that deforested lands are partially replaced by forest plantations 128 (see Fig.1 for illustration). With this assumption, the change in area of natural forests and 129 forest plantations can be estimated using models developed by Kim Phat et al. [16] : 130 131 are based on various country reports [16] . Under conventional logging in East Kalimantan, 171 every one cubic meter of harvested wood resulted in the dying of 0.9-1.2 m 3 of life 172 biomass [18] . In the same region, Sist et al. [19] estimated that logging 10 trees caused 173 damage to other 309 trees all with a diameter at breast height over 10 cm, of which 206 174 trees were killed immediately. Therefore, for this study, ddB i (t) is assumed to be the same 175 as H i (t) for every time step. An energy content of 20 GJ ton -1 of dry woody biomass [20] is 176 used for energy estimates for biomass from natural forests and forest plantations. 177 is the maximum wood biomass that a plantation can reach. Based on Brown [26] in Table  200 4, average standing biomass increment is 7.7 and 5.9 ton ha -1 yr -1 (see note under Table 4  201 for calculation) over 10-yr and 40-yr cutting rotation (CR) ( 1 , respectively. All harvested stem biomass is assumed to be used for pulp production 207 (PPL j ), and the rest in branches and top logs are summed to be woody biomass for 208 bioenergy generation (ddB j ) (see Fig. 2 ). Biomass in leaves (1.9% of the total above-209 ground biomass [23] ) is left behind in the field. 210 211 212 with that estimated by FAO [15] . 253 Table 7) . 263 Table 7 [30] . Energy from 273 woodfuels in Southeast Asia (excluding Singapore and Brunei) was estimated at 2.4 EJ in 274 1993 [14] or about 33.1% of the total energy consumption in that year [30] . Energy from 275 woodfuels in this region increased, on average about 2.5% yr -1 between 1992 and 1995 276 [14] . Therefore, without effective policy to reducing deforestation and forest degradation, 277 energy shortage is likely to occur in Southeast Asia. 278 for replacing natural gas throughout the modeling period (Table 8) . 285 losing only about 1.1% as a result of deforestation (Fig. 5) . In terms of woody biomass 322 production, our models project the mean annual production from all forests at 301.0 (6.0 323 EJ), 563.8 (11.3 EJ), and 831.7 million tons (16.6 EJ) for r=0, r=0.53 (r=0.53 was used in 324 our study), and r=0.73, respectively (Fig. 6) . According to Fig. 6 , illegal logging is likely 325 to cause a significant decline in annual woody biomass production. This suggestion is also 326 supported by Meyfroidt and Lambin [41] prevented. Therefore, woody biomass production will also change. Once slow growing 332 plantations become harvestable, woody biomass production is expected to increase as well. 333
334
Another uncertainty of our study relates to the potential increase of woody biomass 335 obtaining from forest rehabilitation as being increasingly implemented in Indonesia [38] , 336
Philippines [39] , and Vietnam ( [40] , but see Meyfroidt and Lambin [41] ). Forest 337 rehabilitation could bring the deforested land or severely degraded forest back to its pre-338 harvest level, and therefore would eventually increase woody biomass. Annual or biannual 339 re-assessment may reduce the future uncertainties regarding biomass projection. 340 December in 2008 [43] have led to increased attention to REDD [44, 6] . If REDD is finally 348 adopted, well-defined land use and logging planning that addresses the causes of 349 deforestation is required. The causes of deforestation in Southeast Asia could be classified 350 to be 1) the need for land for agricultural cultivation to feed increasing population [45] , 2) 351 industrial plantation development [46] , and 3) indiscriminate logging [12, 24, 47] In order to control indiscriminate logging and its associated forest degradation, incentives 362 are needed to promote reduced impact logging (RIL) which has been proven to reduce 363 damages [12, 24] to residual trees and soil, reduce wood waste (the latter is due to 364 untrained trimming, skidding, and transporting), and increase carbon sinks [47] . The 365 REDD agreements are likely to result in decreases in woody biomass, as overexploitation 366 and illegal logging would be gradually brought under control and the perpetual flow of 367 ecosystem services for sustainable development could be ensured. As forest rehabilitation 368 projects have been increasingly implemented in Indonesia [38] , Philippines [39] , and 369
Vietnam [40, 41] , incentives for further promoting the widespread implementation of such 370 projects in other countries in the region could also lead to increase in woody biomasses as 371 well as wood production. Furthermore, alternative sources of energy such as wind and 372 solar power, and bioenergy through accelerating the development of plantations on 373 deforested lands should be sought. Financial incentives made available through REDD 374 agreements should be used wholly or partially for such alternatives. Illegal logging leads to more production of woody biomass in the beginning, but it starts 499 to decline sharply. Additionally, deforestation is also responsible for the gradual loss of 500 woody biomass as seen in the figure above (green line) when all illegal logging is halted. 501 502 Tables and Captions  503 504 Table 1 [7] Potential woody biomass in all forests is obtained by multiplying forest area and gross annual increment (GAI) under various scenarios. Data on forest area and GAI were taken from FAO [34] , [35] , [36] Natural forests, forest plantations, and tree outside forests. Only GAI is harvested. 
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